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Abstract
Water repelling, perfluorinated, polyanilines and their composites with multi-wall carbon 
nanotubes are synthesized using interfacial polymerization in either flake-like or fibrillar shapes. This 
class of polyanilines exhibits electrochemical activity, capacitive behaviour, and a contact angle of 119-
125o with water. The addition of multi-wall carbon nanotubes facilitates the control of the polymer 
morphology and increases the specific capacitance of the material. We obtained microfibers or flake-
like morphologies depending on the amount of multi-wall carbon nanotubes added in the organic phase 
and through cyclic voltammetry, impedance spectroscopy and galvanostatic charge-discharge, we 
evaluated the effect of the backbone geometry and the addition of nanotubes on the electrochemical 
properties of the composites and the pristine polymers. The capacitance of the linear 3-perfluoroctyl 
polyaniline is consistently better than the cross-linked 4-perfluoroctyl polyaniline, where the para 
position relative to the amine group is blocked by fluorocarbon chains.
1. Introduction
Hydrophobic conductive polymers are the optimum choice as solid contacts for ion selective 
electrodes. In this particular case, the hydrophobic surface is necessary in order to prevent the aqueous 
layer formation between the ion selective membrane and the solid contact. [1-2] With respect to their 
water repelling properties, the perfluorinated materials comprise a unique class of compounds with 
extreme hydrophobicity [3], unique solubility in supercritical carbon dioxide [4], and increased 
fluorescence intensity and lower LUMO levels compared to their hydrocarbon counterparts. [5] They 
have been applied as hydrophobic coatings in textile industry [6], additives for enhanced oil recovery [7] 
and molecular imaging and targeted therapeutics. [8] In recent reports, the formation of fluorescent 
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oligomeric species with tuneable fluorescence properties were reported for different monomers, 
specifically 3-perfluoroctyl polyaniline (denoted as 3PFA), and 4-perfluoroctyl polyaniline (denoted as 
4PFA). [9-10] The fluorescence of these oligomers can be tuned based on their protonation and oxidation 
states, and hence they were used as sensors for the colorimetric detection of organic acids and bases. [9] 
Besides the soluble oligomers, during the polymerization at the interface of the two immiscible solvents, 
an insoluble polymer is formed that can easily be separated from the oligomers. Whilst the isolated 
oligomers present interesting, tuneable, red shifted photoluminescence properties with long Stokes 
shifts, the polymers isolated from the interface exhibit very weak fluorescence with extremely small 
Stokes shifts. [10]
Conventional polyaniline is a highly conductive polymer with remarkable magnetic and 
electronic transport behaviour that has been increasingly employed in applications such as 
supercapacitors [11], conductive coatings [12], battery anodes, catalysts [13], and as coatings for 
electromagnetic interference shielding. [14] These properties are strongly dependent on the morphology 
of the material as also the assembly and packing of the polymer chains. Recently, the interaction of the 
polymer chains leading to the formation of nanofibers resulted in very high values of capacitance in 
polyaniline as measured from galvanostatic charge discharge measurements by Tomšík et al. [15]
In this report, we are expanding our previous work on the polymerization of 3-perfluoroctyl 
aniline (3PFA) and 4-perfluoroctyl aniline (4PFA) by focusing on the insoluble polymer films that form 
at the interface between the organic and the aqueous phase and their electrochemical properties. We 
synthesized four polymer films - 3PFA, 4PFA, and two 4PFA nanocomposites containing multi-wall 
carbon nanotubes (MWCNTs) synthesised using aerosol assisted chemical vapour deposition 
techniques. [16] Different shapes are obtained through the interfacial polymerization, specifically fibers 
with a length of several microns and flake-like morphologies. The hydrophobic films exhibited a 
capacitive behaviour and the parameters characterising their electrical behaviour where obtained 
through Nyquist plots by applying different fitting models.  
2. Experimental Section 
2.1. Synthesis of carbon nanotubes. Multi-wall carbon nanotubes (MWCNTs) were synthesized using 
aerosol assisted chemical vapor deposition (AACVD) method modified from that reported by Meysami 
et al. [20] Briefly, a solution of 5 wt.% ferrocene (Aldrich 98%) in toluene (Fluka, 99.7%) was used in 
conjunction with an aerosol generator connected in series with a quartz tube located in a furnace. Argon 
(BOC 99.998%) was passed through the system at 1000 sccm as carrier gas. After an initial 15-minute 
Ar purging period at 800 ˚C, the aerosol generator was turned on to produce an opaque and uniform 
aerosol, which was consequently drawn into the furnace by the carrier gas. The gas flow was maintained 
for 90 minutes, before the furnace cooled to room temperature. The multi-wall carbon nanotubes were 
collected by scraping the interior of the quartz tube.
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2.2. Synthesis of polymer composites. 1 mg of multi-wall carbon nanotubes was dispersed in 10 ml of 
chloroform after sonication to prepare the MWCNTs dispersion. The reaction vessel was a liquid 
scintillation vial (volume 20 mL, vial size 28 mm × 61 mm, Sigma Aldrich) and no stirring took place 
during the reaction. Two different composites were synthesized with the following concentrations: 
2.2.1. 4PFA-flakes: 300 mg of monomer were added in 8 ml of chloroform that contain 1 ml of the 
MWCNTs dispersion. The aqueous phase consisted of 0.3 ml HCl and 720 mg of Na2S2O8 in 10 ml of 
water. 
2.2.2. 4PFA-fibers: 100 mg of monomer in 8 ml of MWCNTs chloroform dispersion and the aqueous 
phase contained 720 mg of Na2S2O8 and 0.3 ml HCl in 10 ml of water. The polymerization proceeded 
for 2 days, the films were isolated with filtration and subsequently washed with water and chloroform. 
For the synthesis of pristine polymers, the concentration used for the synthesis of 4PFA-flakes was also 
applied for both the 3-perfluoroctyl aniline and the 4-perfluoroctyl aniline. 
3. Characterization techniques.
3.1. Materials characterization. The JEOL 3000F field emission transmission electron microscope 
(TEM), operating at 300kV acceleration voltage, was used for TEM imaging. Scanning electron 
microscope images were recorded on a JEOL 840F field emission scanning electron microscope, 
operating at 3kV. Raman spectra were recorded on a LabRam Aramis Raman. To collect the FTIR 
spectra, we used a Varian Excalibur FTS 3500 spectrometer. The UV-Visible spectra were recorded in 
chloroform suspension on a Jasco spectrometer. The material was dispersed in toluene and the spectra 
were recorded in quartz cuvettes. Thermogravimetric analysis was conducted on the Perkin Elmer Pyris 
under air, with a heating rate of 10 oC/min.   
3.2. Electrochemical studies.  All electrochemical measurements were performed in a three-electrode 
cell configuration. The polymer was deposited on carbon cloth (CC - Elat®, Fuel Cells Etc. Co, USA, 
see Figure 4 for SEM images) by drop casting and the CC was used as a working electrode. A Pt sheet 
(1.2 cm2) was used as the counter electrode, and Ag/AgCl (3 M KCl) was used as the reference electrode. 
AUTOLAB PGSTAT302N potentiostat with FRA32M Module and Nova software 2.1 was used to 
record data. All electrochemical measurements were carried out at room temperature (25o C). The 
electrolyte was a 6M H3PO4 solution. The working electrode was immersed in the supporting electrolyte 
for few hours before the electrochemical studies.
3.3. Capacitance measurements. The galvanostatic charge/discharge measurements were performed 
in the potential window from -200 mV to 800 mV vs Ag/AgCl reference electrode with applied charge 
and discharge specific current from 0.06 A/g to 0.5 A/g. The specific capacitance was calculated by the 
following equation (1): 
C=(I×t)/(∆V) (1)
where I is the applied discharge current (A/g), t is the discharge time (s), ∆V is the potential window 
without iR drop (V).
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3.4. Impedance spectroscopy. Electrochemical impedance spectroscopy (EIS) was performed in the 
frequency range from 10 kHz to 0.1 Hz at constant potential 0.5 V with a 5 mV amplitude. The Kramers–
Kronig test was applied to verify the obtained EIS data. The fitting was performed by using Nova 
software.
3.5. Cyclic voltammetry. Cyclic voltammetry was performed in a three-electrode cell configuration in 
the potential window from -200 mV to 800 mV with scan rate 50 mV/s. 
4. Results and discussion.
4.1. Formation of microfibers and nanoflakes.
For the fabrication of the nanocomposites, the MWCNTs and the monomer were dispersed in 
the organic phase, in our case chloroform, while the oxidant and the hydrochloric acid were added in 
the aqueous phase. After 48 hours the reaction was complete and the insoluble polymer film that formed 
between the two solvents was isolated, washed with chloroform and air dried.
Fourier Transform Infrared (FTIR) spectra were employed for the identification of the oxidation 
state and structure of the materials. This is rather crucial for this class of materials, since their oxidation 
and protonation state and their backbone geometry dictate their capacitive and electronic transport 
behaviour. The spectra for both the 3PFA and the 4PFA are shown in Figure 1. The two polymers are 
growing in two different configurations, depending on the position of the perfluorinated groups as can 
be seen in Figure 1b. This is further evidenced by the different splitting of the -C=C- vibrational bands 
in the 1400-1600 cm-1 FTIR region (Figure 1a-II). The 3PFA exhibits a linear backbone, while the 
blocked para position in the case of 4PFA, as shown in Figure 1b, leads to an extensive cross-linking. 
According to previous works on linear polyaniline the absorption bands in the region 3400– 2800 cm−1 
relates to nitrogen-containing groups. A broad absorption band at frequencies higher than 2000 cm−1 is 
considered a characteristic of conductive forms of polyaniline specifically in the region of 3200-2600 
cm−1. [16] These broad bands originate from secondary amine –NH– and protonated imine –NH+=, and it 
is an overtone of hydrogen bonding chains. [17-18] Τhe FTIR bands at 1540 and 1497 cm−1, are assigned 
to quinoid and benzenoid ring-stretching of the polymer backbone in the linear 3PFA, in a similar 
manner to the conventional polyaniline, while for the cross-linked 4PFA are appearing at 1542 and 1520 
cm-1. The band at 1620 cm−1 is due to a Raman-active –C=C– ring-stretching vibration. [19] The FTIR of 
the pristine and the composite polymer of the 4-perfluoroctyl polyaniline are almost identical, signaling 
that the addition of nanotubes is not affecting the structure of the polymer. 
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Figure 1. a-I) FTIR spectra of 3PFA (black), 4PFA (red) and 4PFA-fibers (blue).  Magnification at the 
N-H and C-N region. a-II) Magnification at the region where the -N-H, C-N and C-F vibrational modes 
appear. b) The proposed structure of the 3PFA and 4PFA.  
Since perfluorinated materials have unique and unusual solubility properties [20-21] and 
demonstrate increased hydrophobicity, we measured their contact angles with water on 4PFA films as 
derived from the interface. These static contact angle measurements are shown in Figure 2 and 
consistent values of 119-125o were observed for three different films, proving the strong repellent 
properties of the films towards water bearing in mind the common concept of hydrophobicity. A material 
can be defined as superhydrophobic when the contact angle is > 140o, hence the films reported here still 
possess a minor affinity towards water. [22] Here, we have to emphasize that this value is significantly 
higher compared to other conductive polymers that have been used as hydrophobic solid contacts, such 
as perfluorooctanesulfonate doped polypyrrole that showed a contact angle of 97o. [1-2] In that case the 
hydrophobic fluorocarbon was acting as a counterion and was not covalently bonded on the polymer 
backbone as in the perfluorinated polyanilines. The materials appear to be rather brittle, hence we did 
not attempt to record their mechanical properties. 
a) b-I)
Figure 2. a) The film can be easily isolated from the interface. bI-III) Water contact angle measurements 
in three different spots using the pendant drop method. The 4PFA films demonstrate a hydrophobic 
behaviour with contact angle against water at 119-125 °C. 
According to optical spectroscopy studies, the polymers appear to have a small band gap and 
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we present the UV-visible spectra of the pristine 3PFA and 4PFA in acetone, tetrahydrofuran (THF) and 
N,N’ dimethylformamide (DMF) solutions. The spectra do not resemble the conventional polyaniline 
due to the presence of electron withdrawing C-F groups, and most likely to a lower molecular weight so 
they mostly resemble oligomeric structures. [9] One interesting effect that we need to mention for clarity 
is the colour change of the polymers upon slow drying and removal of the chloroform immediately after 
the completion of the polymerization. The powders shift from a pale pink to white once the solvent is 
completely removed, see the images in Figure 3b. The reason for this colour change is still unclear, but 







































                            
Figure 3. a) UV-Visible spectra of 3PFA and 4PFA samples recorded in acetone, N,N’ 
dimethylformamide and tetrahydrofuran. b) The polymer powder changes from a pale pink to white 
colour as the chloroform evaporates. 
Scanning and transmission electron micrographs (SEM and TEM) of the two composites are 
shown in Figures 4a-c and S4. If the polymerization process is performed using relatively high 
monomer concentrations (as in the case of 4PFA-flakes), the material grows in flake-like shapes similar 
to the pristine 3PFA polymer previously reported by Dallas et al. [9] Such film formation is an uncommon 
feature for conductive polymers that are synthesized through interfacial polymerization. Conventional 
polyaniline tends to form fibrillar morphologies with diameters of a few tenths of nm [23], while 
depending on the reaction conditions other morphologies may be obtained as well [24]. In contrast, the 
unique solubility parameters of the perfluorinated monomers and the growth in a restricted space, e.g. a 
two-dimensional interface, force the polymer to assemble in these flat film-like morphologies (4PFA-
flakes). However, if the polymerization is performed with a high MWCNT:monomer ratio (comp.B), 
the carbon nanotubes act as templates and force the polymers to self-assemble into highly uniform fibres 
(4PFA-fibers) (Figure 4b). Depending on the amount of carbon nanotubes added to the 4PFA interfacial 
polymerization reaction, different morphologies can be obtained. The evolution of polyaniline 
nanostructures is rather complex even in the case of conventional, linear, polyaniline. [25] A detailed 
analysis of the formation mechanism of the nanofibers would require a completely new manuscript that 
would focus on observation of oligomers and polymers during different reaction times. Through 
thermogravimetric analysis which presents two clear decomposition steps the first assigned to the 
polymer and later at higher temperatures to carbon nanotubes, we calculated a MWCNT loading of 20.6 
wt%, with the 4PFA-fibers exhibiting a higher thermal stability compared to the 4PFA-flakes with the 
decomposition initiated at higher temperatures. The graphs are presented in Figure 4e. 
Solvent 
removal
b)                           
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Figure 4. SEM images of the a) MWCNT composite films with the nanotubes embedded in flake-like 
4PFA, and b) fibrillar 4PFA-MWCNT composite. c) TEM images of 4PFA-fibers nanocomposite drop 
casted from toluene suspensions. d) Schematic representation of the assembly of carbon nanotubes 
inside microfibers (4PFA-fibers) or flake-like polymer (4PFA-flakes). The yellow spheres represent the 
monomer. e) Thermogravimetric analysis of 4PFA-MWCNT-fibers (black) and 4PFA-MWCNT-flakes 
(green).
4.2. Capacitive properties and electrochemical behavior.
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Figure 5. a) Cyclic voltammetry graphs for 3-perfluoroctyl polyaniline, 4-perfluoroctyl aniline and the 
fibrillar and flake-like composites of 4-perfluoroctyl polyaniline with carbon nanotubes and the 
corresponding SEM images of the polymers deposited on carbon cloth. (b) All scale bars are 50 μm, and 
the images were recorded under the same magnification and resolution. 
We subsequently proceeded with the evaluation of the electrochemical properties of the 
3PFA, 4PFA, and 4PFA-MWCNT (both flake-like and fibrillary morphologies) samples initially 
through cyclic voltammetry studies. The materials were deposited on carbon cloth and cyclic 
voltammetry measurements were performed in acidic aqueous solutions. SEM images of the samples on 
carbon cloth are shown in Figure 5. From the voltammographs shown in Figure 5, the 3PFA appears 
to have lower oxidation potential (0.54 V vs Ag/AgCl) compared to sample 4PFA (0.63 V vs Ag/AgCl). 
However, when carbon nanotubes were added during the polymerization process, the oxidation potential 
shifted downward (0.45 V for flakes and 0.51 V for fibers vs Ag/AgCl), which proves that the carbon 
nanotubes incorporated into the polymer facilitate charge transfer as was also confirmed by 
Electrochemical impedance spectroscopy (EIS). The reduction potential is the lowest for 3PFA (0.11 V 
vs Ag/AgCl) and the highest for 4PFA (0.3 V vs Ag/AgCl). It must be mentioned that the smallest 
separation between oxidation and reduction potentials was observed for 4PFA with carbon nanotubes. 
This observation can be explained by the fact that the carbon nanotubes facilitate the charge propagation 
4-perfluoroctyl aniline with MWCNT (flakes)
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and charge transfer during the electrochemical measurements. On the other hand, 3PFA showed the 
highest specific current, which is attributable to the linear backbone of the polymer. Galvanostatic 
charge-discharge studies were performed with the films deposited on carbon cloth. Τhe graphs and the 
parameters obtained can be seen in Figure 6 and Table 1 respectively. The specific capacitance for 
4PFA is lower compared to 3PFA, likely due to extensive cross link chains on the former while the latter 
appears to be linear. Sun et al studied the capacitance behaviour of linear and branched polyaniline. [26] 
Similarly to our finding, the linear polyaniline has higher capacitance compared to the branched 
polyaniline. They also observed a massive increase of the capacitance of the branched polymer after 
subsequent cycles, which was attributed to the rupture of the branched phenazine-like units to linear 
fragments. 
3PFA




τdisch /τchar  (100 %)
0.13 0.0045 9.24 1.2 64
0.22 0.0085 4.72 1.04 55
0.4 0.013 2.14 0.9 66
0.44 0.015 1.9 0.85 64
4PFA-MWCNT-fibers
0.16 0.0149 14.03 2.3 45
0.33 0.028 4.8 1.6 56
0.5 0.043 2.51 1.3 60
0.65 0.054 1.54 1.06 57
4PFA
0.06 0.005 11.29 0.68 62
0.13 0.012 3.66 0.48 67
0.19 0.015 2.48 0.48 71
0.38 0.029 0.4 0.4 64
0.5 0.036 0.38 0.38 61
4PFA-MWCNT-flakes
0.12 0.0051 38.03 4.6 89
0.2 0.008 7.45 1.5 72
0.33 0.013 4.45 1.5 63
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Table 1. Specific capacitance, specific current, iR drop and coulombic efficiency values.
As seen from Figure 6b and Table 1, 3PFA has a higher specific capacitance compared to 
4PFA. The introduction of MWCNT inside the 4PFA chains, leads to a nearly three and six times 
increase of the specific capacitance, at the same specific current charge and discharge for the fibers and 
flakes 4FPA-CNT composites respectively. It must be emphasized that even if the perfluorinated 
polyanilines are hydrophobic polymers, all of them possess a very small iR drop (Table 1), which is 
most probably connected with the morphology of the deposited film. Another notable feature is that the 
Coulombic efficiency is higher for 4PFA compared to 3PFA, the reason for which is to be further 
investigated, with the highest value to be observed for the 4PFA-CNT-flakes composite. 
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Figure 6. a) Galvanostatic charge -discharge measurements for 4PFA (i), 4PFA-CNT fibers (II), 3PFA 
(III) and 4PFA-CNT flakes (IV). b) The graph summarizes the specific capacitance and specific current 
values for all samples. 
4.3. Electrical response: impedance spectroscopy and fitting models.
Electrochemical impedance spectroscopy is the method of choice for characterizing the 
electrical behaviour of systems in which the overall system behaviour is determined by strongly coupled 
processes, each proceeding at a different rate. EIS data are commonly analysed by fitting to an equivalent 
electrical circuit model, the two models used by us are shown in Figure 8. [27] The fitting parameters are 
summarized in Table 2. In our polymeric systems we also observed a double layer capacitance, a 
capacitive behaviour that exists at the interface between an electrode and its surrounding electrolyte 
(denoted as Cdl). Furthermore, ion diffusion can also create an additional impedance, which is known as 
the Warburg impedance. EIS studies were performed for the polymers and composite samples at a 
constant potential 0.5 V vs Ag/AgCl. 
The solution resistance is similar in all measurements since the same electrolyte was used 
(Figure 7). A Nyquist plot approaching an ideal capacitor (ca. 90 o phase shift at low frequencies), 
represented by an almost straight line at low frequency is observed for the 4PFA-fibers sample. As the 
measurements demonstrated the composite samples (4PFA-fibers and 4PFA-flakes) and liner 3PFA are 
following a linear fitting, opposing to the 4PFA that shows clear tendency to form a semicircle. 
Moreover, for the 4PFA and 3PFA, a slight dependence of impedance on the higher frequencies was 
observed, which could be explained by the presence of charge transfer resistance (Figure 7a) [26].  On 
the other hand, the impedance of the 3PFA, 4PFA-fibers and 4PFA-flakes did not possess such 
dependency (Figure 7b). The absence of the charge transfer resistance could be connected to the 
molecular structure of the 3PFA sample, and the presence of MWCNTs in the 4PFA sample.
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Figure 7. a) Nyquist plots of the two pristine perfluorinated polyanilines and the fibrillar and flake-like 
composites deposited on carbon cloth, measured in aqueous solution in three-electrode cell 
configuration. b) Close-up of (a).
We applied two different fitting models to identify the separate processes that take place during 
EIS measurements. (Figure 8). The estimated errors for the fitting parameters can be seen in Table 3. 
The first model was applied to 4PFA and the second to 4PFA-fibers, 4PFA-flakes and 3PFA. The 4PFA 
has a faradaic capacitance (502 mF/g), with a value similar to the one obtained from the galvanostatic 
charge discharge measurements. The samples 3PFA, 4PFA-fibers and flakes exhibit imperfect 
capacitance in the form of constant phase element, suggesting that the effective capacitance and ‘real’ 
resistance are increasing as the frequency decreases. In electrochemical systems with rough surfaces or 
a distribution of reaction rates for the electrochemical processes in the substrate mass appears the 
constant phase element (CPE). [28] CPE is an imperfect capacitance meaning that the capacitance does 
not become constant at low frequency – the effective capacitance and ‘real’ resistance are increasing as 












































1.36 61 582 154 0.94 0.14167
4PFA 1.31 8.4 502 - - 0.12077
3PFA 1.27 30 286 172 0.89 0.14784
4PFA-
flakes
1.8 43 595 246 0.87 0.11016
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CPE 1.345
Figure 8. Fitting models for a) 4-PFA Rsl (CdlW) Cf and b) for the other samples Rsl (CdlW) Cf.. Table 
2. The parameters obtained from the fitting are summarized in Table 1. Where: R – ideal resistance; C 
– ideal (double layer) capacitance; W – Warburg impedance; and Q – constant phase element (CPE). 
Table 3. Fitting parameters with estimated errors (%) for the EIS measurements.
The double layer capacitance is the highest for the 4PFA-MWCNT-fibers. This behaviour 
should be expected, since the MWCNTs will contribute to a surface increase for the composite material. 
The proposed models in these systems are imperfect, since the sum of squares of the relative residuals 
(χ2 value) is relatively high. This observation is attributed to an imperfect fitting at low frequencies 
compared to the fitting at higher frequencies. Based on this observation, we conclude that more complex 
processes are taking place at low frequencies. When comparing the fitted EIS data for Warburg 
impedance, 3PFA shows the lowest value, which means that the diffusion of ions is holding a minor role 
in the electrochemical process compared to the 4PFA and 4PFA-MWCNT samples. This observation 
could be related to the morphology of the deposited films and more importantly with the structure of the 
polymer. Based on the results of galvanostatic charge-discharge and EIS we could conclude that 3PFA 
is suitable polymer as a solid contact for ion selective electrodes. Detailed investigation of the EIS of 
the polymers at different applied constant potentials, various film thickness and electrolytes is in 
progress and will be reported elsewhere.
5. Conclusions
In summary, we presented the electrochemical properties of hydrophobic fibers or flakes 
consisting of perfluorinated polyanilines with or without the addition of multi-wall carbon nanotubes. 
The materials may be used in niche applications were the combination of electrochemical activity, 
conductivity and hydrophobicity is necessary, for example as solid contacts for ion selective electrodes. 
The capacitance of the linear polymer, 3PFA, is consistently better compared to that of the branched, 
cross-linked, 4PFA. We assign this difference to be emergent from the inherent structures of the two 
polyaniline monomers, whereby 3PFA has a linear backbone that is more facilitating to charge transfer. 
While, in general, polyaniline is a polymer dispersible in water, the anchoring perfluorinated chains are 
rendering the polymer hydrophobic hence it can be used in sensor and solid contacts applications, where 
a resistance to humidity is desirable. [30] Overall, these electrochemically active materials present 
numerous advantages, including the straightforward preparation of films, the low cost of the procedure, 
the high yield and ease of purification. 
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